Microscopic structure of the low-lying isovector dipole excitation mode in neutron-rich 26, 28, 30 Ne is investigated by performing deformed quasiparticle-random-phase-approximation (QRPA) calculations. The particle-hole residual interaction is derived from a Skyrme force through a Landau-Migdal approximation. We have obtained the low-lying resonance in 26 Ne at around 8.5 MeV. It is found that the isovector dipole strength at Ex < 10 MeV exhausts about 6.0% of the classical ThomasReiche-Kuhn dipole sum rule. This excitation mode is composed of several QRPA eigenmodes, one is generated by a ν(2s −1 1/2 2p 3/2 ) transition dominantly, and the other mostly by a ν(2s −1 1/2 2p 1/2 ) transition. The neutron excitations take place outside of the nuclear surface reflecting the spatially extended structure of the 2s 1/2 wave function. In 30 Ne, the deformation splitting of the giant resonance is large, and the low-lying resonance is overlapping with the giant resonance.
I. INTRODUCTION
The study of nuclei far off stability is one of the most active research fields in nuclear physics [1, 2, 3] , and exploring the collective motions unique in unstable nuclei is one of the main issues experimentally and theoretically [4] . In neutron-rich nuclei, because of the absence of the Coulomb barrier the surface structure is quite different from stable nuclei. One of the unique structures is the neutron skin [5, 6] . Since the collective excitations are sensitive to the surface structure, one can expect new kinds of exotic excitation modes associated with the neutron skin to appear in neutron-rich nuclei. One of the examples is the soft dipole excitation [7] , which is observed not only in light halo nuclei [8, 9, 10, 11, 12, 13, 14, 15, 16, 17] , but also in heavier systems [18, 19, 20] , where an appreciable E1 strength is observed above the neutron threshold exhausting several percents of the energy-weighted sum rule (EWSR).
The structure of the low-lying dipole state and its collectivity has been studied in the framework of the mean-field calculations by many groups [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33] . A low-lying dipole state in neutron-rich 26 Ne was first predicted by using the relativistic quasiparticle-random-phase approximation (QRPA) in Ref. [32] , and recently it was observed at RIKEN around 9 MeV, exhausting about 5% of the Thomas-Reiche-Kuhn (TRK) dipole sum rule [34] . In Ref. [32] , the QRPA was solved in the response function formalism. This method can treat the excitations to the continuum exactly by employing the Green's functions satisfying the out-going-wave boundary conditions, but an additional procedure is required to obtain the microscopic structure of the excitation mode [35] .
In the present paper, we investigate the microscopic structure of the low-lying dipole resonance in neutronrich Ne isotopes, and we discuss the isotopic dependence with special attention to the deformation effects. To this end, we have developed a deformed QRPA code in the matrix formulation based on the coordinate-space Skyrme-Hartree-Fock-Bogoliubov (HFB) theory.
The paper is organized as follows: In Sec. II, we explain our method. In Sec. III, we check the results of our new calculation scheme by comparing the existing QRPA results. In Sec. IV, we present the results of the deformed QRPA and we discuss the microscopic structure of the low-lying dipole state in 26, 28, 30 Ne. Finally, we summarize the paper in Sec. V.
II. MODEL
We briefly summarize here our approach (see Ref. [36] for details). In order to discuss simultaneously effects of nuclear deformation and pairing correlations including the continuum, we solve the HFB equations [37, 38] 
directly in the cylindrical coordinates assuming axial and reflection symmetries. Here, τ = ν (neutron) and π (proton), and r = (ρ, z, φ). For the mean-field Hamiltonian h, we employ the SkM* interaction [39] . Details for expressing the densities and currents in the cylindrical coordinate representation can be found in Refs. [40, 41] . The pairing field is treated by using the density-dependent contact interaction [42, 43] ,
with V 0 = −390 MeV ·fm 2 and ̺ 0 = 0.16 fm −3 , γ = 1. Here, ̺ IS (r) denotes the isoscalar density and P σ the spin exchange operator. The pairing strength V 0 is determined so as to approximately reproduce the experimental pairing gap of 1.25 MeV in 28 Ne obtained by the threepoint formula [44] . Because the time-reversal symmetry and reflection symmetry with respect to the x − y plane are assumed, we have only to solve for positive Ω and positive z. We use the lattice mesh size ∆ρ = ∆z = 0.6 fm and the box boundary condition at ρ max = 9.9 fm and z max = 9.6 fm. The quasiparticle energy is cut off at 60 MeV and the quasiparticle states up to Ω π = 13/2 ± are included.
Using the quasiparticle basis obtained by solving the HFB equation (1), we solve the QRPA equation in the matrix formulation [45] γδ
The residual interaction in the particle-particle (p-p) channel appearing in the QRPA matrices A and B is the density-dependent contact interaction (2) . On the other hand, for the residual interaction in the particle-hole (ph) channel, we employ the Landau-Migdal (LM) approximation [46] applied to the density-dependent Skyrme forces [47, 48] ,
Here, N 0 is the density of states and the Landau parameters are deduced from the same Skyrme force which generates the mean field. Because the full self-consistency between the static mean-field calculation and the dynamical QRPA calculation is broken, we have to renormalize the residual interaction in the particle-hole channel by an overall factor f ph to get the spurious K π = 0 − or 1 − modes (representing the center-of-mass motion) at zero energy (v ph → f ph · v ph ). We cut the twoquasiparticle space at E α + E β ≤ 60 MeV due to the excessively demanding computer memory as well as the calculation time if we used a model space consistent with that adopted in the HFB calculation. Accordingly, we need another factor f pp for the particle-particle channel. We determine this factor such that the spurious K π = 0 + mode associated with the particle number fluctuation appears at zero energy (v pp → f pp · v pp ).
III. CHECK OF THE CALCULATION SCHEME
In this section, we compare our results with those of Ref. [49] . In this reference, the SLy4 interaction [50] for the mean field and the surface-type delta interaction with γ = 1.5 and V 0 = −415.73 MeV·fm 3 for the pairing field were employed for the HFB calculation, and the quasiparticle energy was cut off at 50 MeV. Therefore, we adopt these parameters for the comparisons in this section. The differences between the present calculation and that in Ref. [49] are the mesh size, the boundary condition, the cutoff energy for the QRPA calculation, 4). In the present calculation, the spin transition density is treated exactly.
In Fig. 1 [54] . In Fig. 2 , the cutoff energy dependence of the renormalization factors and the B(E2 ↑) value for the 2 + 1 state in 22 O are shown. Even with the cutoff energy of 70 MeV, the transition strength for the low-lying state does not converge yet. In this case, the dimension of the QRPA matrix in Eq. (3) is 11726 for the K π = 0 + channel and the memory size is 13 GB, and the CPU time is about 70,000s per each iteration for determining the renormalization factor f pp . If we could perform the QRPA calculation including all quasiparticle states obtained in the HFB calculation, the renormalization factor for the pairing channel f pp would be 1, because the p-p channel is treated self-consistently between the HFB and the QRPA calculations. The peak position of the giant resonance is located slightly higher than in Ref. [49] . The non-collective twoquasiparticle states around 6 and 7 MeV are consistent between the two calculations. The energy-weighted sum (1.867 × 10 4 MeV·fm 4 ) overestimates by about 13.9% the EWSR value (1.638 × 10 4 MeV·fm 4 ). The overshooting of the EWSR for the isoscalar quadrupole mode in the LM approximation was pointed out in Ref [55] .
IV. RESULTS AND DISCUSSION
We now discuss the properties of 26, 28, 30 Ne nuclei calculated with the SkM* interaction. We summarize in Table I the ground state properties of these Ne isotopes obtained by solving Eq. (1). The ground state is slightly deformed in 26 Ne and 28 Ne, and we obtain a well-deformed ground state for 30 Ne. The values in parentheses are experimental pairing gaps extracted by the three-point mass difference formula [44] using the experimental binding energies taken from Ref. [56] . We define the deformation parameter β 2 and average pairing gap ∆ [57, 58, 59, 60] as
where̺(r) is the pairing density. Fig. 3 shows the response functions for the isovector dipole mode in neutron-rich Ne isotopes. The isovector dipole operator used in the present calculation iŝ (7) and the response functions are calculated as
A. 26 Ne
We can clearly see a resonance structure at around the excitation energy of 8-9 MeV, together with the giant resonance at 15 − 20 MeV. Because of the small deformation the K splitting is small and smeared out.
In Fig. 4 , we show the transition strengths in the lowenergy region. The neutron emission threshold is 6.35 MeV, and the resonance which is composed of several discrete states appears just above the threshold. In contrast to the low-lying quadrupole state in 22 O, the transition strengths for the dipole states in this region converge at the cutoff energy of about 40 MeV. We made a detailed analysis of the QRPA eigenmodes and show in Tables II,III > 0.001 are listed. Twoquasiparticle excitation energies are given by Eα +E β in MeV and two-quasiparticle transition matrix elements Q 10,αβ in e·fm. In the row (i), the label ν1/2 − denotes a non-resonant discretized continuum state of neutron Ω π = 1/2 − level. tor. In the Tables, single-(quasi)particle states are labeled with the asymptotic quantum numbers [N n 3 Λ]Ω just for convenience. It should be noted that the asymptotic quantum numbers are not good quantum numbers because the deformation is not so large. Table III . With a small contribution, many other neutron particle-hole and proton two-quasiparticle excitations build the excitation mode at 8.76 MeV. The resonance is also composed of the K π = 1 − mode appearing at 9.40 MeV. This mode is dominantly (97.6%) generated by the ν[211]1/2 → ν[301]1/2 transition corresponding to the ν(2s
Preliminary calculations of deformed QRPA using the Gogny interaction [61] , and the relativistic deformed QRPA [62] show that the low-lying dipole state is dominantly constructed by the ν(2s Furthermore, the structure around the surface is different between the unperturbed one and that obtained in the QRPA. These differences are generated by the QRPA correlations; the low-lying dipole state possesses a collective nature, which is small but finite. Fig. 7 shows the energy weighted sum of the isovector dipole strength function together with the sum rule values represented by the horizontal lines. The calculated sum satisfies 89.2% of the EWSR value including the enhancement factor κ; m 1 = m cl 1 (1 + κ) [26] . The enhancement factor comes from the momentum dependence of the Skyrme density functionals. The effect of the explicit treatment of the momentum dependence for the EWSR was discussed in the discretized-continuum QRPA [63] and the continuum QRPA [55] for the spherical systems. In the present calculation, we treat the momentum dependence in the LM approximation. Therefore, discrepancy between the calculation and the EWSR value comes from this treatment of the momentum dependence. This point remains to be improved, and it is discussed in Ref. [64] .
In the present calculation, the energy-weighted sum up to 10 MeV is 5.51 MeV·e 2 fm 2 , corresponding to 6.0% of the TRK sum-rule value, 4.6% of the EWSR including the enhancement factor and 5.1% of the calculated sum. These values are consistent with the experiment [34] . In Fig. 7 , we also show the energy-weighted sum calculated with the energy cutoff at 30 MeV (dotted line). In the giant resonance region, two calculations give different results, while they are almost identical in the low-energy region. This is because the collectivity of the low-lying resonance is small, and consequently the transition strength is not very sensitive to the cutoff energy.
Before going to the neighboring nuclei, it should be noted that we obtain the collective octupole state at about 5.2 MeV, below the neutron threshold, with B(E3 ↑) = 2458e 2 fm 6 , which corresponds to about 61 in Weisskopf units and the isoscalar 
B. 28Ne and 30Ne
The central panel in Fig. 3 shows the response function in 28 Ne. In the low-energy region, we can see a two-bump structure at around 7 and 8 MeV. Because the deformation is small as in 26 Ne, we cannot see a splitting of the giant resonance. In Fig. 8 , we show the low-energy part of the strength functions. In the K π = 0 − states, there is a prominent peak at 8.1 MeV with a strength of 0.098 e 2 fm 2 . The strength distribution is fragmented for the K π = 1 − mode, but correspondingly, we can see an eigenmode at 8.9 MeV with the largest transition strength of 0.058 e 2 fm 2 . We show in Table IV 1/2 2p 3/2 ). Two quasiparticle excitations of (b) and (c) in Table IV correspond to ν(1d 5/2 2p 1/2 ) excitations, respectively. The proton excitation of π(1p 1/2 ⊗ 1d 5/2 ) has an appreciable contribution as in 26 Ne. The lower energy resonance at around 7 MeV is described by three eigenstates as shown in Fig. 8 . The lower state at 6.70 MeV, which has an isovector strength as shown in Table I . The giant resonance is split into K π = 0 − and 1 − mode, and the split giant resonance has an overlap with the low-lying resonance below 10 MeV. In the right panel of Fig. 8 In Fig. 9 , the transition density for the K π = 0 − state is shown. The transition density of protons are quite similar to that in Fig. 5 . For the neutrons, we can easily see the effect of mixing of the excitation into the continuum state; the transition density has large spatial extension. Furthermore, comparing to Fig. 6 , this K π = 0 − state still possesses a structure similar to the low-lying dipole state in 26 Ne.
For the K π = 1 − state, we can see a prominent peak at 6.69 MeV possessing an isovector strength of 0.11 e 2 fm 2 . This state has a different structure to the dipole states discussed above. In Table V , we show its microscopic structure. This state has a collective nature in a sense that a number of two-quasiparticle excitations have an appreciable contribution; in the present case, eight of the neutron excitations have a contribution larger than 1%. In the lower panel of Fig. 9 , the transition density of this state is shown. This mode has also a characteristic feature that the neutron and proton contribution have an isoscalar nature around the surface region, and the neutron excitation is dominant outside of the nucleus.
It is difficult to link directly with the low-lying dipole states in 26 Ne or 28 Ne, because the deformations are quite 3/2 2p 3/2 ) in the spherical limit. In this sense, the lower-energy resonance in 28 Ne is connected to this collective K π = 1 − state in 30 Ne.
V. SUMMARY
We have investigated a new framework of the deformed QRPA based on the Skyrme density functionals and the Landau-Migdal approximation. With this method, we have made a detailed analysis of the low-lying dipole states in neutron-rich 26, 28, 30 Ne. In these nuclei, we obtain the excitation mode at 8 − 8.5 MeV. The low-lying resonance is composed of several QRPA eigenmodes. In 26 Ne, not only the ν(2s −1 1/2 2p 3/2 ) transition but also the ν(2s −1 1/2 2p 1/2 ) transition contribute to generating the resonance. In 28 Ne and 30 Ne, the ν[211]1/2 → [310]1/2 excitation still plays a major role. Each eigenmode is, however, not purely a single particle-hole excitation, it has a small contribution of the other neutron excitations and proton excitations as well.
We have clearly shown the spatially extended structure of the ν[211]1/2 (2s 1/2 ) state, and that it is responsible for the oscillation of transition density of neutrons outside of the nucleus. In the well deformed nucleus 30 Ne, the deformation splitting of the giant resonance is large and the low-lying resonance overlaps with the giant resonance. For the K π = 1 − state, we furthermore obtain a collective dipole mode at 6.7 MeV. 
